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 Abstract 
This project is focused on evaluating the suitability of materials and complex multi-materials systems 
for use as solid oxide fuel cell interconnects. 
ATI Allegheny Ludlum has generated promising results for interconnect materials which incorporate 
modified surfaces. Methods for producing these surfaces include cladding, which permits the use of 
novel materials, and modifications via unique thermomechanical processing, which allows for the 
modification of materials chemistry. The University of Pittsburgh is assisting in this effort by providing 
use of their in-place facilities for dual atmosphere testing and ASR measurements, along with substantial 
work to characterize post-exposure specimens. 
Carnegie Mellon is testing interconnects for chromia scale spallation resistance using macro-scale and 
nano-scale indentation tests. Chromia spallation can increase electrical resistance to unacceptable levels 
and interconnect systems must be developed that will not experience spallation within 40,000 hours at 
operating temperatures. Spallation is one of three interconnect failure mechanisms, the others being 
excessive growth of the chromia scale (increasing electrical resistance) and scale evaporation (which can 
poison the cathode). The goal of indentation fracture testing at Carnegie Mellon is to accelerate the 
evaluation of new interconnect systems (by inducing spalls at after short exposure times) and to use 
fracture mechanics to understand mechanisms leading to premature interconnect failure by spallation. 
Tests include bare alloys from ATI and coated systems from DOE Laboratories and industrial partners, 
using ATI alloy substrates. 
West Virginia University is working towards developing a cost-effective material for use as a contact 
material in the cathode chamber of the SOFC. Currently materials such as platinum are well suited for 
this purpose, but are cost-prohibitive. For the solid-oxide fuel cell to become a commercial reality it is 
imperative that lower cost components be developed. Based on the results obtained to date, it appears 
that sterling silver could be an inexpensive, dependable candidate for use as a contacting material in the 
cathode chamber of the solid-oxide fuel cell. Although data regarding pure silver samples show a lower 
rate of thickness reduction, the much lower cost of sterling silver makes it an attractive alternative for 
use in SOFC operation. 
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 Executive Summary 
This project is focused on evaluating the suitability of materials and complex multi-materials systems 
for use as solid oxide fuel cell interconnects. The reference point is a monolithic ferritic stainless steel; 
one example is Type 430 (UNS S43000). These were chosen for their combination of low cost, general 
availability, and suitable performance characteristics. Functionality can be added to basic interconnect 
materials at the cost of increased complexity. Modifications are aimed at tailoring the relevant properties 
of a surface to its local environment in the fuel cell. 
The simplest approach is to alter the basic surface of the stainless steel by mill or post-fabrication 
processing to yield long-lasting benefits by removing/sequestering elements (e.g. aluminum and/or 
silicon) which form resistive interfacial phases. This may be possible by annealing in specific 
atmospheres followed by chemical cleaning. Trials are under way to determine the effectiveness of this 
method. 
Cladding, or joining more than one metal together into an integral structure, results in an interconnect 
with one or both surfaces tailored to individual environments. A basic material can make up the bulk of 
the interconnect (the core), selected for low bulk cost, strength, or physical properties. Using clad 
materials can remove the compromises inherent in a monolithic material, but results in higher costs. A 
set of eight different clad panels have been fabricated and are currently being tested for durability and 
resistance to environmental degradation. 
Oxidation-resistant, electrically conductive coatings provide the ability to alter the local environment 
and may be used in conjunction with surface processing and/or cladding. The function of a coating can 
be considered independent of the substrate, and therefore offers a much wider range of performance 
characteristics than bare metal alone. Coated samples are being provided by external sources for testing 
in this program. 
The local environment at the interfaces of a SOFC interconnect can vary considerably from simpler test 
systems. This program aims to take an initial step towards understanding the effect of such structures by 
examining samples which incorporate overlying layers such as cathode contact pastes . Work in this area 
involves fabrication of samples (West Virginia University), exposure and testing (ALC and WVU), and 
detailed investigations of interfacial properties (WVU and Carnegie Mellon University). 
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Experimental Methods 
ATI Allegheny Ludlum 
Several discrete approaches were followed. These include the production of clad panels, melting of 
novel ferritic stainless steel compositions, commercial ferritic stainless steels treated with novel 
thermomechanical and chemical processes, and commercial ferritic stainless steels with oxidation 
resistant coatings. 
Cladding: Clad samples were obtained from Engineered Materials Solutions (Attleboro, MA) in the as-
bonded condition at approximately 0.040” thick. The panels were produced by cold-bonding sheets of 
stainless steel with copper, nickel, nickel-copper, and superalloy sheets. Table 1 details the materials of 
construction. 
Table 1: Cladding materials of construction 
 Specification Typical Composition 
Core material 
Type 430 stainless steel UNS S43000 Fe-16.5Cr (0.4Mn-0.6Si-0.04Al) 
Anode-side cladding materials 
Nickel 201 alloy UNS N02201 Ni (99.0% purity) 
Copper 101 alloy UNS C10100 Cu (99.9% purity) 
Alloy 400 UNS N04400 Ni-32Cu (0.7Mn-0.35Al-0.5Si) 
Cathode-side cladding material 
Alloy 600 UNS N06600 Ni-15.5Cr-8Fe (0.5Mn-0.1Si-0.15Al) 
Table 2 details the layout of each of the clad panels before cold bonding, including the fractional layer 
thickness values. Each panel was assigned a descriptive identifier – e.g. Type 430 clad with 0.015” thick 
nickel 201 was designated Ni15-SS. 
Table 2: Details of clad assemblies (including fractional thickness of layers) 
ID number Cathode-side cladding Core Anode-side cladding 
Cu10-SS none T430 stainless steel 0.85 
copper (thin) 
0.15 
Cu15-SS none T430 stainless steel 0.80 
copper (thick) 
0.20 
Ni10-SS none T430 stainless steel 0.85 
nickel (thin)  
0.15 
Ni15-SS none T430 stainless steel 0.80 
nickel (thick)  
0.20 
NiCu10-SS none T430 stainless steel 0.85 
Ni-Cu alloy (thin)  
0.15 
NiCu15-SS none T430 stainless steel 0.80 
Ni-Cu alloy (thick)  
0.20 
NiCu10-SS-600 alloy 600 superalloy 0.11 
T430 stainless steel 
0.76 
Ni-Cu alloy (thin) 
0.14 
NiCu15-SS-600 alloy 600 superalloy 0.10 
T430 stainless steel 
0.71 
Ni-Cu alloy (thick) 
0.19 
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The cold-bonded panels were processed at the ATI Allegheny Ludlum Technical and Commercial 
Center using the following process routing: 
1. Bonding anneal – samples annealed at 1650-1800°F (depending on panel type) in dry 
hydrogen, 5 minutes time at temperature using a mesh-belt continuous anneal furnace. 
Temperature control was held off a contact thermocouple welded to the sheet. 
2. Cold rolling to 0.020” thick (nominal finish gauge). 
3. Final anneal – samples annealed at 1700-1850°F (depending on panel type) in dry hydrogen, 5 
minutes time at temperature using a mesh-belt continuous anneal furnace. Temperature control 
was held off a contact thermocouple welded to the sheet. 
Alloy Development: A set of eight ferritic stainless steels were melted in the form of 50 pound VIM 
heats and rolled to flat plates. Table 3 details the conceptual alloy compositions. This set of alloys is 
meant to investigate the compositional space between Type 430 stainless steel and E-BRITE alloy, with 
residual elements, particularly silicon and aluminum, maintained at specific levels corresponding to 
those noted in commercially available materials. 
Table 3: Fe-Cr alloy variants 
Element #1 #2 #3 #4 #5 #6 #7 #8 
Cr 16.9 16.9 22.0 24.0 24.0 26.3 26.3 26.3 
Mn 0.40 0.40 0.40 0.40 0.40 0.10 0.10 0.35 
C 0.05 0.05 0.06 0.06 0.06 0.005 0.06 0.06 
N 0.03 0.03 0.03 0.03 0.03 0.005 0.03 0.03 
Ni 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 
Al 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
Si 0.03 0.10 0.10 0.03 0.10 0.03 0.10 0.10 
Nb      0.20 0.20 0.20 
Mo      1.00 1.00 1.00 
A second set of heats (Table 4) was melted to investigate a concept termed “overdoping.” Rare earth 
metals (e.g. Ce, La, Y) are added to heat resistant alloys at very low levels (generally less than 0.1 
weight percent) to improve oxidation resistance. At higher levels, they form discrete phases which can 
oxidize rapidly where they intersect the surface of the metal. The goal for these alloys is to form an 
oxidation-resistant, evaporation-proof alumina scale, which is interrupted periodically with rapidly 
growing, electrically conductive oxide protrusions. These are intended to act as electrical pathways for 
current flow. Considerable difficulty has been experienced in hot working these heats, with several melts 
required before an ingot was successfully rolled to a flat plate. This is likely due to the high level of 
REM addition. 
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Table 4: REM-overdoped alloy compositions(experimental) 
Element #1 #2 
Cr 13.00 13.00 
Ti 0.3 0.3 
Al 0.3 0.3 
Mn 0.10 0.10 
Ce+La 0.80 - 
Zr - 0.75 
Novel Processing: Test panels of ferritic stainless steels with varying silicon and aluminum content 
have been processed using specific atmospheric conditions in order to modify which oxide phases form 
between the bulk metal and the electrical contact surface.  
1. Annealing in dry hydrogen for 30 minutes (time at temperature) at 1010°C 
Common ferritic stainless steels can be readily produced containing low levels of aluminum, but 
generally contain about 0.2-0.5% silicon by weight when made in large quantities. The residual 
oxygen in a dry hydrogen environment is generally too low to form oxides of iron and 
chromium, but is still above the dissociation pressure of silica, which is very stable. Normally, 
the material is left in this condition as it is placed in service. It is proposed to remove this layer 
by a post-process cleaning in either HF or a strong alkaline solution, leaving a clean metal 
surface (which will form a thin passive chromia layer with exposure to the atmosphere) and 
theoretically a silicon-depleted near-surface region. 
2. Annealing in dry nitrogen for 30 minutes (time at temperature) at 1010°C 
At temperatures above 900°C, nitrogen solubility and diffusivity in ferrite increases, which 
allows for rapid ingress of nitrogen. Ferritic alloys which contain aluminum should form 
relatively stable, dispersed aluminum nitrides throughout the material thickness. This may tie up 
the aluminum which would normally form resistive phases at the interface. 
3. Annealing in dry 75%H2-25% N2 (synthetic mix)for 30 minutes (time at temperature) at 1010°C 
This treatment may combine the effects of pure hydrogen and nitrogen in a common exposure 
environment (cracked ammonia). 
High temperature annealing trials have been carried out in the atmospheres described above on panels of 
Type 430 (16.5 wt.% chromium, 0.3 wt.% silicon, 0.05 wt.% aluminum) and AL453 alloy (22 wt.% 
chromium, 0.3 wt.% silicon, 0.6 wt.% aluminum). All panels were exposed for 30 minutes at 1010°C. 
This temperature was chosen to be at the upper end of the annealing range for such alloys, which 
maximizes the temperature difference between the processing environment and the operating condition. 
This will help to prevent re-diffusion of aluminum and silicon to the scale/alloy interface. 
Coatings: Samples of Type 430 stainless steel and E-BRITE alloy were sent to the Pacific Northwest 
National Laboratory (PNNL) for the application of manganese cobaltite coatings (contact: Dr. Jeffry 
Stevenson). Oxidation testing in humidified air is planned for samples in the as-coated condition, as well 
as with contact paste (silver cermet) applied to the coated surfaces. Samples of Type 430 stainless steel 
have been coated at NETL (Albany Research Center) with a cerium-based surface treatment (contact: 
Dr. David Alman). Oxidation testing in humidified air is planned for samples in the as-coated condition. 
Selected samples will be provided to Carnegie Mellon University for evaluation of interfacial toughness. 
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Testing of the various interconnect development concepts is focused on analysis of starting materials, 
elevated temperature testing, and post-exposure characterization via analytical techniques and electrical 
property measurements. 
High temperature testing: Exposure to simulated anode gas is applicable to both monolithic alloys and 
clad materials. The following environmental tests are planned in simulated anode gas, each for 
nominally 1,000 hours of total time at temperature (Table 5). A special-purpose test rig has been 
dedicated to this testing (Figure 1). High temperature cyclic oxidation testing is employed to 
characterize the interfacial strength and thermal compatibility of the various layers of the clad samples. 
Each thermal cycle consists of 45 minutes hot and 15 minutes cold (one cycle per hour of testing). The 
testing is being carried out in a pre-existing test frame at the ATI Allegheny Ludlum Technical and 
Commercial Center (Figure 2). The test environment is UHP argon to protect the cladding alloys, which 
would oxidize rapidly in air at the test temperature of 800°C. 
Table 5: Simulated anode gas exposure conditions. 
Environment Description Calculated pO2 
Ar - 4%H2 - 3% H2O 
Low-oxygen reducing gas (simulates low fuel 
utilization) 2x10
-19 atm 
Ar - 4%H2 - 10% H2O 
Low-oxygen reducing gas (simulates high fuel 
utilization) 2x10
-18 atm 
Ar - 4%CH4 
Low-oxygen reducing gas with high carbon 
activity (simulates hydrocarbon fuel source, 
strong tendency for carburization) 
8 x 10-27 atm 
  
Figure 1: SAG test exposure facility. Figure 2: Cyclic test exposure facility. 
Dual atmosphere exposures (air on the cathode side and SAG on the anode side) and ASR measurements 
are being carried out at the University of Pittsburgh in support of this effort. 
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Carnegie Mellon University 
Pre-exposed interconnect alloy specimens were provided to simulate exposures at 800°C for times up to 
40,000 hours. Exposures were performed in lab air at 800-900°C (simulating the cathode side of the 
interconnect). Table 6 provides the details of the sample exposures. 
Table 6: Pre-oxidation conditions for indentation samples. 
Exposure T (°C) Exposure time (h) Sample ID Equivalent time at 800°C (h) 
816 96 EB1 CR1 150 
816 494 EB2 CR2 774 
816 1,989 EB-1 3,117 
900 521 EB-8 7,052 
900 729 EB-3 9,872 
900 917 EB-4 12,425 
900 1,249 EB-5 16,923 
900 1,992 EB-6 26,984 
900 2,995 EB-2 40,574 
Samples identified with EB are E-BRITE alloy. 
Samples identified with CR are a Fe-22Cr model alloy (RV2103) 
The E-BRITE alloy has composition Fe-26Cr-1Mo-0.2Si. The RV 2103 alloy is a 21.8Cr-0.033Mn alloy 
with Ti, C, N, Ce, La, Al and Si in percentages of 0.02 or less. Specimens of RV 2103 were provided to 
yield a comparison between 26Cr and 22Cr alloys. Specimens were in the as-rolled condition, with 
ground finish rolls used for the final rolling operation. This yields a surface Ra of approx. 8µin. Due to 
their comparatively short exposure times, the first four specimens (EB1, EB2, CR1 and CR2) had 
chromia scale thicknesses that were a fraction of a micron. The EBRITE specimens exposed to 729 hrs 
and longer at 900° C (EB 3 and EB4) had scale thicknesses of 5µm or more (though thicknesses across 
the rough specimen surface varied substantially).  
Macro-Scale Indent Testing for Spallation Resistance 
A macro-scale indentation test has been developed by the PI J. Beuth and his students (under DOE and 
NSF support) for measuring the fracture toughness of interfaces between oxide scales and metallic 
substrates [1-4]. The test consists of indenting a coated or uncoated oxide/alloy system with a Brale type 
conical indenter. A Rockwell hardness tester or mechanical testing machine can be used for this 
purpose. The indenter penetrates the brittle coatings (if present) and oxide layer and plastically deforms 
the metallic substrate below. This plastic deformation induces compressive radial strains in the substrate. 
Because these strains are transferred to the oxide, they can act to drive its debonding. 
Nano-Scale Indent Tests for Scale and Interface Fracture Resistance 
A nano-scale indentation test is under development for use in combination with the macro-scale test, to 
probe toughnesses of chromia scales and chromia/alloy interfaces on a local scale. The goal of these 
tests is to directly measure fracture toughnesses in chromia scales and interfaces. Toughnesses measured 
using this test are independent of the scale compressive residual stress and are not strongly dependent on 
scale thickness. These tests involve Berkovich (nano) indentations of sectioned exposed specimens, 
where indentation is performed on the sectioned surface, directly into the chromia scale/interface region. 
Nanoindents induce cracks in the scale or at the interface, and the length of the cracks can be related to 
the scale or interface toughness. At the beginning of this project, some proof-of-concept tests of this type 
had been performed on chromia scale/interconnect alloy systems.  
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West Virginia University 
The experimental program for this research involved creating an environment similar to what the 
material would be exposed to in a functioning SOFC. This was accomplished using a simple tube 
furnace setup, illustrated in Figure 3. 
 
Figure 3: Schematic of experimental setup 
The tube furnace was maintained at 800°C, similar to what the materials would experience in a 
functioning SOFC. A valve is used to control the air supplied to the system, which is measured using a 
Sierra Smart-Trak Series 100 flow meter. The flow of air in the heated tube furnace was calculated to be 
~3 liters/min.  
The samples for this experiment were small sterling silver plates. The average size of the sterling 
samples was 11 mm x 6 mm x 0.7 mm. The samples were first cut from a bar of sterling silver using an 
Isocut slow speed saw, followed by cold pressing in a pellet press using a 13mm die set. Afterward, the 
samples were cut again to the shape of a rectangle, and sample dimensions were measured using a pair 
of calipers. The samples were then cleaned using acetone and their masses recorded using an electronic 
scale. Pure silver samples were also fabricated for comparison with their sterling silver counterparts. 
Two types of pure silver samples were used; thin (~50 µm in thickness) and thick (~700 µm, similar to 
the sterling samples). These pure silver samples were cut, measured, cleaned in acetone and weighed in 
the same manner as the sterling silver samples. 
All samples were measured each week to examine any changes in mass that occurred due to high-
temperature exposure in the furnace. Each week a sample was also set aside for SEM evaluation of 
changes in microstructure. The mass changes were then used to estimate reduction in thickness due to 
silver loss. 
Sterling samples were also pre-marked for SEM analysis before exposure so as to allow examination of 
the same surface sight repeatedly to offer a more detailed understanding of the changes in the 
microstructure at the surface of the sample. In order to determine sample performance during cell 
operation it is necessary to do some basic calculations based on the data obtained from the experiment. 
The main property of concern was the thickness reduction of the sample during exposure. Thickness 
reduction eliminates variation in sample changes that may be due to a difference in sample dimensions, 
which is important in this case as all of the samples were fabricated in-house using raw materials. 
Thickness reduction was calculated using the following formula: 
( )( ) 


 −=
SilverofDensityAreaSurfaceExposed
massevappremassevappostductionThicknessRe  
This formula assumes that there is little change in the length or the width of the sample and that the loss 
in mass of the sample is due entirely to a loss in silver, with negligible loss of the copper-oxide. 
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Results and Discussion 
Several development paths for metallic SOFC interconnect systems are being investigated in parallel 
and will be discussed in turn. 
ATI Allegheny Ludlum 
Cladding: Clad materials provide the opportunity to customize each side of the interconnect to perform 
in specific environments, with the core providing the desired mechanical and physical properties. Test 
material has been produced to investigate commercially available ferritic stainless steels clad on one and 
on both sides. In all cases, the relatively inexpensive ferritic stainless steel core makes up about 70-80% 
of the overall mass of the interconnect. 
After final processing, samples were cut from each of the eight panels. These were mounted and 
polished for metallographic analysis (Figure 4). All of the panels bonded well, with very few indications 
of particles at the layer interfaces and no evidence of layer debonding. 
Figure 4: Collected micrographs of clad panel assemblies after final rolling and annealing. 
  
Ni10-SS (0.010” nickel-clad stainless, mount 824) Ni15-SS (0.015” nickel-clad stainless, mount 823) 
  
Cu10-SS (0.010” copper-clad stainless, mount 828) Cu15-SS (0.015” copper-clad stainless, mount 827) 
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Figure 4: Collected micrographs of clad panel assemblies after final rolling and annealing. 
  
NiCu10-SS (mount 826) NiCu15-SS (mount 825) 
(0.010” alloy 400-clad stainless) (0.015” alloy 400-clad stainless) 
  
NiCu10-SS-600 (mount 830) NiCu15-SS-600 (mount 829) 
(0.010” alloy 400/0.008” alloy 600 tri-clad stainless)(0.015” alloy 400/0.008” alloy 600 tri-clad stainless) 
Quantitative dimensional data obtained from the polished sections is presented in Table 7. 
Measurements were made on digital images using images of a calibrated grating (0.01 mm spacing) as a 
reference standard. All of the sections appear to be nominal, with the exception of the Ni10-SS sample, 
which has an excessively thick nickel cladding layer. The reason for this is not clear. 
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Table 7: Post-processing layer thickness measurements. 
 Layer thickness in inches Layer thickness relative to full assembly 
ID 
Anode-Side 
Cladding 
Stainless 
Core 
Cathode-Side 
Cladding Total 
Anode-Side 
Cladding 
Stainless 
Core 
Cathode-Side 
Cladding 
Ni10-SS 0.0038 0.014  0.0179 21.2% 78.8%  
Ni15-SS 0.0040 0.016  0.0196 20.6% 79.4%  
NiCu10-SS 0.0030 0.016  0.0191 15.9% 84.1%  
NiCu15-SS 0.0043 0.016  0.0206 21.0% 79.0%  
Cu10-SS 0.0030 0.016  0.0188 16.2% 83.8%  
Cu15-SS 0.0044 0.015  0.0199 22.1% 77.9%  
NiCu10-SS-600 0.0028 0.015 0.0019 0.0198 14.4% 75.8% 9.8% 
NiCu15-SS-600 0.0036 0.014 0.0020 0.0201 18.1% 71.8% 10.1% 
Linear coefficient of thermal expansion (linear CTE / α) data as a function of temperature for the 
component materials was taken from ATI Allegheny Ludlum product literature (for the alloys) or the 
literature (for copper 101) [5]. The data is presented in Figure 5. 
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Figure 5: Linear CTE data for the materials used in this study. 
The expected CTE values for the composite panels were calculated using a simple rule of mixing. The 
results are presented in Figure 6. All of the clad panels are expected to have higher thermal expansion 
values than the monolithic stainless steel. The thin nickel and thin nickel-copper-clad panels appear to 
have the best CTE values. All of the samples are being sent to an external vendor for experimental 
verification of CTE as a function of temperature. 
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Figure 6: Calculated linear CTE for clad panels, compared to monolithic Type 430. 
The environment on the anode side of a SOFC interconnect contains sufficient oxygen to form 
chromium oxide on stainless steels, which results in increased contact resistance. Samples have been 
clad with chromium-free metals and alloys based on nickel and copper, which should stay oxide-free in 
anode gas at elevated temperatures. This should result in a significant performance advantage. Figure 7 
illustrates the calculations upon which this concept is based. 
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Figure 7: Dissociation pressures of various metal oxides as a function of temperature 
compared with the oxygen partial pressure curves for different fuel utilization levels. 
The environment on the cathode side is oxidizing to all but noble metals and as such requires an 
oxidation-resistant alloy. For this study, some cathode surfaces were clad with a heat-resistant nickel-
base superalloy, while others were left as exposed ferritic stainless steel. 
Phase I Topical Report DE-FC26-05NT42513 page 11 
The initial results from testing in argon-hydrogen-water vapor are presented in Figure 8, which is a plot 
of weight change as a function of time. The weight gains are substantially reduced for the clad samples 
when compared to a base Type 430 stainless steel. This indicates that the clad faces are not oxidizing to 
a great extent. Some accelerations in the rate of weight gain were noted, which is due to mixed oxide 
nodule formation on exposed Type 430 surfaces. 
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Figure 8: Weight change as a function of time for samples exposed in 
Ar - 4%H2 - 3% H2O at 800°C. 
The effect of cladding can be seen visibly in Figure 9 for a nickel-clad stainless steel sample. Some 
accelerations in the rate of weight gain were noted, which is due to mixed oxide nodule formation on 
exposed Type 430 surfaces. 
  
Figure 9: Ni-clad Type 430 stainless steel exposed for 1,371 hours in 
Ar - 4%H2 - 3% H2O at 800°C. 
Ni-clad side T430 stainless side 
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Initial dual atmosphere results indicated that T430 stainless steel clad with copper or nickel resulted in 
no oxidation on the anode side. There was evidence of hydrogen migration to the air side, resulting in 
the formation of mixed oxide nodules and oxide blade-type features (Figure 10). 
 
Figure 10: Oxide scale as formed on the air side of a Type 430 stainless steel sample clad with nickel during a 
100 hour dual atmosphere exposure at 800°C (surface SEM micrographs; stainless steel side exposed to air, 
nickel-clad side exposed to Ar-4%H2-10%H2O). 
The samples clad with the Ni-32Cu alloy formed a thin, adherent manganese oxide layer on the SAG 
side. Evidence of hydrogen migration on the air side is much reduced to a few scattered blade-like oxide 
grains (Figure 11). It is hypothesized that the MnO scale is helping to block transport of hydrogen across 
the interconnect. 
  
Figure 11: Oxide scale as formed on a Type 430 stainless steel sample clad with Ni-32Cu alloy during a 100 hour 
dual atmosphere exposure at 800°C (surface SEM micrographs): Ni-32Cu cladding (left, as exposed to Ar-4%H2-
10%H2O), Type 430 stainless steel (right, as exposed to air). 
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Cyclic oxidation was carried out to investigate the effect of the different CTE values for the multiple 
layers. The samples clad with the Ni-Cu alloy exhibited significant deformation, curling up with the 
anode side on the outside. This is as expected, as the Ni-Cu alloy has a higher coefficient of thermal 
expansion than the stainless steel core. The deformation was worse with the thicker anode-side layer. 
The tri-clad samples exhibited negligible deformation. It is not clear if the opposing expansion of the 
alloy 600 cathode layer kept the sample flat, or if the added strength of the superalloy layer minimized 
sample curling. A second set, making up the balance of the clad samples, is currently in test. 
Figure 12: Macrophotographs of set #1 thermal cycling test samples (410 cycles at 800°C). 
  
NiCu10-SS NiCu15-SS 
(0.010” alloy 400-clad stainless) (0.015” alloy 400-clad stainless) 
  
NiCu10-SS-600 NiCu15-SS-600 
(0.010” alloy 400/0.008” alloy 600 tri-clad stainless)  (0.015” alloy 400/0.008” alloy 600 tri-clad stainless) 
Phase I Topical Report DE-FC26-05NT42513 page 14 
Novel processing: Initial results are promising for both “de-siliconization” and internal nitriding of the 
commercial alloy substrates. Type 430 (which contains nominally 0.4 weight percent silicon) was 
annealed in hydrogen containing a small amount of water vapor (dew point > -20°C). The resulting 
sample came out of the furnace with a dull tint, indicating that a surface oxide had been formed. This 
test panel was examined using scanning Auger microprobe with a depth profiling capability (via an ion 
sputtering gun). Significant segregation of silicon to the alloy surface was detected, with an 
approximately 180 nm (0.18 micron) thick silica layer evident on the surface. Only minor chromium 
segregation was noted. 
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Figure 13: Auger compositional depth profile (normalized to measured bulk 
composition) for a Type 430 sample annealed in hydrogen for 30 minutes at 1010°C 
Calculations indicate that this amount of silica would consume approximately 40% of the total silicon in 
a 0.5 mm thick substrate (the rate of scaling is generally independent of substrate thickness for bulk 
samples). Thinner samples should show greater silicon depletion. The effect is likely to be magnified 
near the surface due to the presence of a silicon depletion gradient after the oxidizing exposure. The test 
exposure was done at a temperature (1010°C) well above that of the SOFC operating range (700-
800°C), so the silicon-depleted metal layer adjacent to the surface should present a long diffusion 
distance for resupply of silicon from the bulk. 
Samples of AL453 alloy, a Fe-22Cr-0.5Al alloy, were exposed in pure nitrogen in an attempt to 
sequester aluminum in the form of internal aluminum nitride particles. The cross-section was nitrided 
through-thickness, with the precipitates being discrete, randomly dispersed rod-like aluminum nitrides at 
a volume fraction of about 3.5% (Figure 14). Calculations indicate that this corresponds to nominally all 
of the aluminum initially present in the substrate. 
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Figure 15: Indentation of Specimen CR2, as 
viewed from above. White areas indicate 
spalls induced by indentation strains. 
  
Figure 14: AL453 alloy sample after exposure to nitrogen for 30 minutes at 1010°C (light optical 
micrographs of polished metallurgical cross-sections, low and high magnifications). 
The nitriding exposure was done at a temperature (1010°C) well above that of the SOFC operating range 
(700-800°C), where nitrogen solubility in ferrite is considerably higher. Significant nitride resolution is 
not expected at SOFC operating temperatures, leaving the matrix essentially free of aluminum 
Alloy development and coatings: Screening tests are planned for the modified ferritic stainless steels 
and the REM-overdoped alloys, along with coated commercial stainless steels. As of the writing of this 
report, testing is progressing but there is nothing significant to report. Results are expected by the project 
completion date. 
Carnegie Mellon University 
Macro-Scale Indent Testing for Spallation Resistance 
A macro-scale indentation test has been developed by the PI (J. Beuth) and his students (under DOE and 
NSF support) for measuring the fracture toughness of interfaces between oxide scales and metallic 
substrates. As illustrated in Figure 15 (as viewed from above) indentation can induce a radial 
distribution of flaking-type debonds of a chromia scale. Systems with poor adhesion between the 
chromia and interconnect alloy exhibit a high density of debonds and a large radial extent of debonding. 
Systems with good adhesion will show a lower density of debonding and debonds will be confined to a 
smaller radius. For chromia scales grown in some types of SOFC environments, debonding consists of 
peeling away of an intact scale, with the radial extent of debonding increasing with exposure.  
Each of the specimens sent to CMU has been subjected to 
macro-scale indentation testing. Results of debond density vs. 
radial distance from the indent center are still being analyzed. 
However, some initial observations and clear trends in the 
results are worth noting. First, tests on 800°C exposed 
specimens EB1 (100 hrs), EB2 (500 hrs), CR1 (100 hrs) and 
CR2 (500 hrs) have allowed a direct comparison of spallation 
resistance between these two alloys at short exposure times. 
A key question is whether indentation testing can yield 
insight into differences in alloy spallation resistance without 
having to expose specimens to extended periods of cycling, 
as is required in traditional TGA experiments. The results 
from these tests show that it can. In the indentation tests, 
specimens EB1 and EB2 showed no debonding at all. In 
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contrast, specimens CR1 and CR2 showed clear debonding, with the density of debonding increasing 
between specimens CR1 (100 hrs) and CR2 (500 hrs). Figure 1 provides an image of the indentation-
induced debonds for specimen CR2. In the image, the indent diameter is approximately 0.8 mm (800 
microns).  
Specimens EB-3 (729 hrs, 900° C) and EB-4 (917 hrs, 900°C) did experience indentation-induced 
debonding, however the extent of debonding at their greater exposure times and temperatures was 
comparable to that observed in the CR1 and CR2 specimens. The immediate conclusion that can be 
drawn from these tests is that the E-BRITE alloy is much more resistant to spallation at early exposure 
times than the RV2103 alloy.  
Image analysis techniques [4] have been used to analyze the failures seen in exposed interconnect 
samples. In these specimens, bonded areas are black or dark gray, which is the shade of the chromia 
scale. Areas of spallation appear white or very light gray due to the exposed metal substrate. The 
imaging technique involves quantifying the distribution of white/gray/black pixels in a single image in 
regions far from the indentation. The distributions of grays in 5-7 rings close to the indentation are also 
determined. The percentage of debonding in a ring is determined by subtracting the distributions of gray 
from that ring from the far-field image distribution. The result from the analysis of multiple rings is a 
plot of the percentage of debonding scale vs. radial distance from the debond. Results from images taken 
after different exposures allow the tracking of debonding vs. radius as a function of exposure.  
Figure 16 gives an example of results from this type of analysis, for specimens EB-3 and EB-4. In the 
plot, R is the radial distance from the center of the indent and a is the radius of the indent impression. It 
is qualitatively clear from the images, and also clear from the quantitative plots of debond percentage, 
that debond density is increasing with exposure time. This trend has been seen consistently, with the 
exception of specimen EB-5: E-BRITE 1249 hrs 900°C. That specimen showed less debonding than was 
expected; however, only one indent test was performed and follow-up tests are planned.  
 
Figure 16: Indentation of E-BRITE alloy specimens, as viewed from above. White areas indicate spalls induced 
by indentation strains. Image analysis yields a plot of debond percentage vs. normalized radius 
917 hrs
729 hrs
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Macro-scale indent tests have also been performed on coated specimens from Arcomac Surface 
Engineering. These tests were on one coated S44535 specimen and on six coated samples of Type 430 
alloy from ATI. Each specimen was in as-coated condition. Indentation induced some amount of 
spallation in each specimen. Figure 17 gives examples of specimens at the extremes of behavior, along 
with a plot of percent spallation vs. R/a for all specimens. Again, the indentation test appears able to 
distinguish differences in spallation resistance between specimen types. Further analysis of these 
specimens will require coating thickness, stiffness and residual stress data, which is will be provided to 
the PI by Arcomac researchers. These tests in the as-processed state will be followed up by exposures at 
ATI and indentation tests at CMU. 
 
Figure 17: Indentation of two coated Type 430 specimens, as viewed from above. A plot of debond 
percentage vs. normalized radius is provided for all coated specimens 
Nano-Scale Indent Tests for Scale and Interface Fracture Resistance 
Nanoindentation experiments have been performed on the specimens from ATI as a first attempt at 
coordinating macro-scale and nano-scale indentation testing of exposed specimens. Nanoindentation of 
specimens EB1, EB2, CR1 and CR2 was difficult, because of their very thin chromia scales. This made 
targeting of the scale/interface region problematic. Indentation of specimens EB-3 and EB-4 has helped 
refine the testing procedure and has produced indentation-induced cracks.  
Figure 18 shows indentation-induced cracking in the near-interface region in specimen EB-3. Cracking 
takes on the distinct geometry illustrated in the schematic next to the SEM image. This geometry is 
caused by the large compressive stresses in the chromia scale. If the scale were stress free, cracks would 
extend radially from each of the 3 corners of the indentation (assuming the entire indent were in the 
brittle scale). Compressive stress acting along the horizontal direction inhibits cracking from one corner 
and forces the cracks emanating from the other two corners to turn and extend horizontally. This 
observed crack geometry has been used to define the geometry for fracture modeling of the test. The 
next step in this testing is to perform nanoindents on the remaining E-BRITE specimens and determine 
if there is a trend in crack size with exposure, or whether indent-induced crack sizes remain constant. If 
indent-induced crack sizes remain constant, that will indicate that the true toughness of the 
scale/interface region is not changing. In such cases, if coating residual stress is not changing with 
exposure, then decreases in spallation resistance with exposure are due primarily to increases in scale 
thickness. 
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Figure 18: Nanoindentation of the chromia scale/alloy interface area in specimen EB-3 
(729 hrs, 900°C), with a schematic of the cracking geometry 
3-D finite element modeling of the nano-scale indentation test has proceeded based on feedback from 
the nanoscale indentation tests. Indentation-only, fracture-only and combined indentation/fracture 
models have been developed for the test. Models have also been developed for a well-established micro-
scale Vickers indentation test for ceramics [6], as a means for testing model results. For all indentation 
tests of this type, the formula for the energy release rate of the crack extending from the indent region 
must take the form: 



== 3
2
2
2
Hc
P
E
KG cc η  
where P is the applied indent load, H is the measured hardness and c is the horizontal length of one 
crack extending from the indentation. The quantity η is a dimensionless number that is a function of 
indenter shape and the crack geometry, and for this test may be a function of the location of the crack 
within the scale/interface region (though that functionality may be weak). 
The first goal of fracture modeling of this test is to reliably determine η for the particular indentation 
and crack geometry shown in Figure 18. A second goal is to define the mode mix for this test, which 
should be close to pure mode I (opening of the crack faces). To date, models of Berkovich and Vickers 
indentations have been developed. A value for of η for Vickers indentation of a homogeneous material 
is known and attempts are being made to extract that value from 3-D finite element fracture models of 
the indentation problem.  
It is important to note, though, that even if η is not known, this test can yield practical insights into 
toughness changes in the chromia scale/interface region. Although η is needed to extract a toughness 
value from the test, it is not needed to determine trends in toughness with exposure, or even percentage 
increases or decreases. Knowing whether or not the true toughness of the interface is changing can be of 
critical importance in using macro-scale indent test results to predict interconnect times to spallation. If 
it is confirmed that toughness is not changing with exposure, and if coating stress is not changing 
significantly with exposure, then the time for an interconnect system to begin spalling can be predicted 
from macro-scale indentation results and scale thickness data. Although a non-changing toughness with 
exposure can be inferred from a series of macro-scale indentation tests, having independent confirmation 
from an independent, direct measurement of toughness from nanoscale indentation can be extremely 
valuable. 
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Industrial Interactions and Technology Transfer:  
In addition to close interactions with ATI, collaborations have been initiated with Arcomac Surface 
Engineering, LLC, located in Bozeman, Montana, with coatings researchers at PNNL, and with NETL-
Albany to integrate indentation testing techniques into their research programs. Arcomac is developing 
coating systems for interconnect alloys. They have a strong interest in quantifying the resistance or their 
coatings to spallation, both in the as-processed state and as a function of exposure as a chromia scale 
grows beneath the coating. The key question to answer is whether their coatings, which target the 
chromia evaporation problem, also impact (positively or negatively) the scale spallation problem. As 
noted above, Arcomac has sent specimens of coated S44535 and Type 430 alloys to CMU for 
indentation testing. Indent tests on the as-coated specimens have been completed and coated specimens 
will now be exposed at ATI, followed by indentation testing at CMU.  
In addition to considering coatings under development by Arcomac, tests will be performed on coated 
specimens from Researchers at PNNL. PNNL has agreed to provide samples of MnCo-coated 
interconnect specimens exposed in lab air at 800°C. The specific goal of these tests will be to see if an 
estimate can be made of coating life, given indentation results and coating properties, and assuming that 
the true interfacial toughness does not change.  
Discussions have been initiated with Karol Schrems of NETL-Albany related to her work on 
interconnect alloys and alloys for heat exchangers. Her laboratory’s alloy development work includes 
cyclic thermal exposure of specimens and a key interest of theirs is developing accelerated tests for 
spallation resistance for alloy screening. As a first step, their laboratory will integrate macro-scale 
indentation tests into their thermal exposure experiments to determine if a qualitative difference in 
spallation resistance is seen between alloy systems and within single alloy systems as a function of 
exposure. If these first experiments show promise, more extensive collaborations will be pursued.  
West Virginia University 
This research focuses on the development and testing of candidate materials, utilizing silver, in a 
simulated cathode environment. Test specimens were fabricated by the oxidation of specific alloys, and 
are evaluated based on their loss of silver during high-temperature exposure in a simulated cathode 
environment. The cathode environment was created using a simple tube furnace and air supply setup. 
Scanning electron microscopy was used to monitor microstructure changes that took place during the 
experiment. The samples were evaluated over a period of six months.  
At the earlier stage of the project, we tested several candidate silver cermets and identified Sterling 
silver to be an attractive candidate for the contacting material as it is made up of 92.5wt%Ag and 
7.5wt%Cu, roughly the composition of interested in making a suitable contacting cermet. The cermet 
should possess a large amount of silver relative to oxide in order to maintain high conductivity and 
ductility. Silver-Copper alloys form copper-oxide both in the external scales and within the alloy upon 
oxidation. [7] While copper-oxide does raise some concern with regards to electron conductivity, it 
should provide appropriate oxygen-ion conductivity for use in fuel cell applications. [8] Copper only 
forms two thermodynamically stable oxides, CuO, copper-oxide and Cu2O, cuprous oxide. [8] When 
exposed to oxygen, copper will naturally oxidize, forming Cu2O, cuprous oxide, which is red in color, 
however, this takes extensive periods of time. This process can be accelerated by heating copper at high 
temperatures or at high oxygen pressure. With further heating, Cu2O will form CuO, a black solid which 
melts at about 1345oC2. [7] Upon exposure, the copper becomes copper-oxide (CuO), which protects the 
silver from evaporation, allowing the SOFC to operate longer. The target operation time is 40,000 hours. 
[9]  
The purpose of this research task is to develop a cost-effective material for use as a contact material in 
the cathode chamber of the SOFC. Currently materials such as platinum are well suited for this purpose, 
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but are cost-prohibitive. For the solid-oxide fuel cell to become a commercial reality it is imperative that 
lower cost components be developed. The specific area of concern is illustrated in Figure 19. 
 
Figure 19: Schematic drawing of area of concern in two-cell fuel cell stack 
A zoomed in schematic of the indicated area is shown in Figure 20. 
 
Figure 20: Schematic of cermet connection between interconnect and cathode. 
Ideally, the cermet will form a protective oxide barrier, shielding it from air flow through the cathode 
and reducing the rate of evaporation of the silver. Upon oxidation, sterling silver will form the oxide 
layer illustrated (copper-oxide), which will act as the desired barrier to silver evaporation during cell 
operation. 
The sterling samples all followed a similar trend; after an initial gain in mass due to the oxidation of the 
copper, the samples began to lose mass at an almost constant rate over the course of several weeks. 
Based on this loss of mass, the thickness reduction of the silver at the surface of the sample was 
calculated using the equation above. The results for the first several weeks are shown in Figure 21. 
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Figure 21: Thickness Reduction of Sterling Silver 
The results are relatively consistent from week to week over the course of over six months. The sample 
loses approximately 1 micron in thickness each week. Pure silver samples were also placed in the 
furnace for evaluation of their thickness reduction during high-temperature exposure. The thickness 
reduction was calculated in the same manner as for the sterling silver samples. Figure 22 illustrates the 
variation in thickness reduction of the thin pure silver samples for the first several weeks of exposure. 
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Figure 22: Thickness reduction for thin pure silver sample 
The trend is similar to that of the sterling samples without the initial oxidation. The samples experienced 
a high rate of evaporation in the first two weeks followed by much slower evaporation in the subsequent 
weeks. The thickness reduction each week appears much lower than that of the sterling samples. The 
thicker pure silver samples illustrate a thickness reduction behavior similar to that of their thinner 
counterparts. Figure 23 illustrates the thickness reduction for the thicker silver samples. 
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Figure 23: Thickness reduction for thick pure silver sample 
These pure silver samples were similar in thickness to the sterling samples. The samples exhibit 
behavior similar to the thinner pure silver samples, losing a relatively consistent amount of thickness 
each week, much lower than the sterling silver samples. Like the thinner pure silver samples, these 
samples also experienced a higher rate of evaporation in the first two weeks of exposure than in 
subsequent weeks. It can be seen that the thickness reduction in the first two weeks for the pure silver 
samples is consistent with the thickness reduction of the sterling silver samples throughout the duration 
of the high-temperature exposures. 
To further analyze sample performance, the accumulating thickness reduction for each type of sample 
was determined based on the data collected. This data illustrates the amount of total thickness a sample 
has lost throughout the duration of the test. Figure 24 compares the accumulating thickness reduction of 
each type of sample tested. 
Sterling Evap. Comparison
y = -1E-06x - 2E-07
R2 = 0.9958
y = -4E-07x - 2E-06
R2 = 0.9846
y = -5E-07x - 1E-06
R2 = 0.9894
-3.00E-05
-2.50E-05
-2.00E-05
-1.50E-05
-1.00E-05
-5.00E-06
0.00E+00
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Time (weeks)
Th
ic
kn
es
s 
R
ed
uc
tio
n 
(m
ic
ro
ns
)
Sterling Silver
Pure Ag (thin)
Pure Ag (Thick)
Linear (Sterling Silver)
Linear (Pure Ag (thin))
Linear (Pure Ag (Thick))
 
Figure 24: Plot of accumulating thickness reduction for all samples 
The data shows that the sterling silver sample is experiencing the greatest reduction in thickness of the 
samples tested while the pure silver samples of different thicknesses appear to follow similar trends with 
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regards to reduction in thickness. Based on the linear estimation of the samples, the sterling silver 
sample is losing approximately 1 micron of thickness per week of high-temperature exposure, while the 
thick and thin pure silver samples are losing approximately 600 nm and 400 nm respectively. This result 
could be undesirable as it illustrates the sterling sample losing mass more rapidly, although it was 
initially thought that the copper-oxide barrier formed during oxidation would slow the loss of silver in 
the sample.  
This difference in rate of thickness reduction could be due to differing faceting behavior between pure 
silver and sterling silver. It may be possible that certain surface orientations are more favorable to 
evaporation than others. It can be clearly seen in the SEM images in Figure 25 that there is significant 
difference in the steps formed at the surface of the pure silver sample and that of the sterling silver 
sample. Small steps can be seen to form on the surface of the silver between the copper-oxide particles 
in the image on the left, while the surface of the pure silver sample exhibits much larger, more 
pronounced steps. Recall from the data in figure 23 and figure 24, pure silver does show a higher rate of 
evaporation in the first weeks of high-temperature exposure, over 1 micron, similar to what the sterling 
silver samples experience throughout the duration of the experiment. After several weeks of exposure, 
the data shows that the evaporation rate of the pure silver sample decreases down to about 400 nm. This 
change in evaporation rate could be due to “fast-evaporating” surface orientations being lost quickly 
early in the experiment until eventually only “slow-evaporating” surface orientations remain. Once the 
surface has reached this point the evaporation rate is maintained at a slower pace than the sterling 
samples. In the sterling sample what appears to happen is the copper-oxide particles do not allow the 
silver to reach this desired orientation or significantly delay the process, maintaining the exposed silver 
in a “fast-evaporating” orientation for the duration of the experiment. The details of this process are 
currently under investigation using atomic force microscopy (AFM) and angle-oriented SEM. It is hoped 
to gain a better understanding of the relationship between silver and copper-oxide during long-term 
high-temperature exposure. 
 
Figure 25: Comparison of faceting of sterling silver and pure silver after two weeks of exposure 
 
Figure 26 illustrates the changing surface of pure silver during high-temperature exposure. It can be seen 
that surface faceting becomes more pronounced over the duration of the experiment. This dramatic 
change in surface orientation likely contributes to the slower evaporation rate of the pure silver 
compared to the sterling silver. 
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Figure 26: Faceting of silver during high-temperature exposure 
 
Time-Series Analysis of Sterling Samples 
Microstructure analysis was conducted using SEM to evaluate the changes in the surface of the samples 
during the high-temperature exposure in the tube furnace. The time series analysis at a single area was 
done only for the sterling silver samples. Prior to testing, the sterling sample was oxidized until the 
surface was almost entirely covered by copper-oxide. Afterward the sample was placed in the tube 
furnace for high-temperature exposure under air flow. The sample was evaluated every two weeks using 
SEM in order to note any changes in the sample microstructure. The images presented in Figure 27 are 
in backscatter as this allows better differentiation between the silver and the copper-oxide. 
 
Figure 27: 12 hr exposure of sterling silver, backscatter image 
It can be seen in the image that almost the entire surface of the sample is covered by copper-oxide. 
Rough calculations have estimated that the copper-oxide covers 94% of the surface in this image. After 
examination of the remainder of the surface, the image in Figure 28 was taken to represent the entire 
surface of the sample. 
1-week 3-week 10-week 
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Figure 28: 2-week exposure of sterling silver, backscatter image 
 
Figure 29: 2-week exposure sterling silver with x-ray spectrums 
 
 
Figure 30: Backscatter image and x-ray spectrum of fracture surface of oxidized sterling silver 
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The images in Figures 29 and 30 are shown with x-ray spectrums to verify areas of silver and copper-
oxide on and below the surface of the sample. As mentioned, it is known that silver-copper alloys form 
copper-oxide both in the external scales and within the alloy upon oxidation. [8] This is illustrated in the 
fracture surface image. X-ray analysis illustrates that copper-oxide particles can also be found well 
below the surface of the sample. Fracture surfaces were obtained by submerging the samples in liquid 
nitrogen and then simply breaking the sample into two pieces.  
After two weeks of exposure it can be seen that the surface is no longer completely covered by copper-
oxide and more silver can be seen. Calculations estimate that copper-oxide now covers 60% of the 
surface. Examination of the entire surface of the sample verified that this image well represents the 
entire sample with regards to particle size and copper-oxide coverage. The increase in exposed silver is 
likely due to migration and agglomeration of the smaller copper-oxide particles initially visible, into 
larger particles. Most of the copper-oxide particles are on the order of ~10 microns in size, much larger 
than the particles visible on the surface before exposure. 
 
Figure 31: 4-week exposure of sterling silver, backscatter image 
After four weeks of exposure some of the copper-oxide particles are no longer visible from the previous 
analysis, and it appears that some agglomeration of the copper-oxide particle has taken place; also, it 
appears the silver has receded at the edge of the large copper-oxide particle at the right-hand edge of the 
image. It does not appear that there is a significant loss of silver over the two-week period shown. 
 
 
Figure 32: 6-week exposure of sterling silver, backscatter image 
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Figure 33: 8-week exposure of sterling silver, backscatter image 
It can be seen that the surface has remained roughly stable over the course of the high-temperature 
exposure. It is apparent that copper-oxide particles agglomerate over time to form larger particles, which 
is well-illustrated in the lower left of the image. 
 
Figure 34: 10-week exposure of sterling silver, backscatter image 
 
Figure 35: 12-week exposure of sterling silver, backscatter image 
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The only apparent changes in the later weeks of testing is the continued agglomeration of the copper-
oxide particles, although the rate of agglomeration appears to be much slower than in the first few weeks 
of observation. The reduction of silver at the surface of the sample appears to be relatively slow, which 
is a desirable property of the cermet as this indicates that the material will be able to maintain the 
conduction path throughout cell operation. From the SEM images it appears that faceting of the silver 
has also stabilized in the last several weeks, which may also be desirable as this could indicate that the 
material has reached a state of equilibrium. 
 
Figure 36: Backscatter image of fracture surface of sterling silver after 17-week high-temperature 
exposure 
Imaging of the fracture surface after long-term high-temperature exposure reveals that copper-oxide is 
still abundant below the surface of the sterling silver sample. This could be an important observation as 
these copper-oxide particles could further act as a barrier to evaporation for the silver inside the cermet 
if significant loss of silver at the surface of the sample were to occur in the future.  
Based on the SEM imaging and the data collected by measuring the mass losses of the samples 
throughout the test it appears that sterling silver could be an inexpensive, dependable candidate for use 
as a contacting material in the cathode chamber of the solid-oxide fuel cell. Although data regarding 
pure silver samples show a lower rate of thickness reduction, the much lower cost of sterling silver 
makes it an attractive alternative for use in SOFC operation. 
Sample surface
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Conclusions 
ATI Allegheny Ludlum 
• Cladding appears to be a viable means of mitigating anode-side oxidation. Certain alloys may 
also be beneficial in reducing hydrogen migration. 
• Novel post-processing appears to be capable of removing aluminum and silicon from finished 
stainless steel. 
• Future laboratory evaluation will focus on electrical characterization of clad and post-processed 
materials, novel compositions, and complex sub-cell systems. 
Carnegie Mellon University: 
• Macro-scale indentation spallation tests have been performed on E-BRITE (26Cr) and RV 2103 
(22Cr) specimens exposed by ATI in simulated cathode gas.  Spallation densities have been 
tracked as a function of exposure time.   
• Macro-scale indent results are sensitive enough to show a clear difference in spallation behavior 
between 22Cr and 26Cr alloys at very short exposure times.  This suggests that the test could be 
used for quick screening of new alloy systems for spallation resistance. 
• Macro-scale indent tests performed on E-BRITE have shown a progressive increase in spallation 
density with exposure.  The tests appear to be able to track progressive loss of debond resistance 
with exposure, for exposure times that would not yield any spontaneous spallation in standard 
TGA tests.   
• Macro-scale indentation tests have been initiated on coated T430 specimens from Arcomac 
Surface Engineering (with substrates from ATI).  The tests appear well-suited for showing 
differences in debond resistance in coated specimens. 
• Proof-of-concept nanoindentation tests have been performed on exposed E-BRITE specimens 
from ATI.  Cracking geometries needed for nanoindent modeling work have been identified. 
• Nanoindentation modeling has been initiated to relate crack size measurements from tests to 
stress intensity factors and energy release rates, and to determine the mode mix for this type of 
experiment.   
• Nano-scale indent tests have shown the ability to induce cracks in grown chromia scales, for the 
direct quantification of scale or interface toughness.  Even before these tests are fully modeled 
they could yield important insight into whether or not the true toughness of the chromia scale or 
interface is changing with exposure.  This is an important ingredient in the effective use of 
macro-scale toughness tests to predict long-term interconnect system life. 
• Interactions have been initiated with 1 SECA industrial collaborator and with 2 DOE labs.  The 
goal is to integrate indentation testing techniques into screening and certification processes for 
SOFC interconnect systems.   
West Virginia University 
Surface orientation of silver appears to play an important role in the evaporation rate of any potential 
silver cermet materials. Although the results show that the sterling silver samples exhibit a greater 
thickness reduction than their pure silver counterparts, it appears that sterling silver could still be a 
viable material for use as a contacting cermet in SOFC. With a reduction in thickness of roughly one 
micron per week, a sample would lose approximately 240 microns or 0.24 mm over an the 40,000 hour 
target life expectancy for the fuel cell stack. Because the loss of silver occurs around the edges of the 
contacting cermet while the upper and lower surfaces remain in contact with the cathode and 
interconnect respectively, and are not exposed to the flowing air, sufficient silver remains within the 
cermet to maintain the electrical connection between cell components. However, due to migration and 
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agglomeration of copper oxide particles at high temperature, silver cermet containing copper oxide 
particles maybe volatile to be used as a contact paste materials in SOFC environment.  
For future research, we plan to investigate the adhesion strength and evaporation rate of other candidate 
silver cermets containing Cerium and/or LSM. We will also investigate the interfacial bonding 
characteristics of silver cermets with cathode material and interconnect alloys. 
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